Ballistic thermal transport contributed by the in-plane waves in a quantum wire modulated with an acoustic nanocavity J. Appl. Phys. 112, 124315 (2012) Ballistic impact behavior of carbon nanotube and nanosilica dispersed resin and composites J. Appl. Phys. 112, 113522 (2012) Transition between ballistic and diffusive heat transport regimes in silicon materials Appl. Phys. Lett. 101, 113110 (2012) Ballistic thermoelectric properties in graphene-nanoribbon-based heterojunctions Appl. Phys. Lett. 101, 103115 (2012) Exciton transport in thin-film cyanine dye J-aggregates J. Chem. Phys. 137, 034109 (2012) Additional information on J. Appl. Phys. Electron-interface scattering during electron-phonon nonequilibrium in thin films creates another pathway for electron system energy loss as characteristic lengths of thin films continue to decrease. As power densities in nanodevices increase, excitations of electrons from sub-conduction-band energy levels will become more probable. These sub-conduction-band electronic excitations significantly affect the material's thermophysical properties. In this work, the role of d-band electronic excitations is considered in electron energy transfer processes in thin Au films. The electronic structure and density of states for gold are calculated using a plane wave pseudopotential density function approach. In thin films with thicknesses less than the electron mean free path, ballistic electron transport leads to electron-interface scattering. The ballistic component of electron transport is studied by a ballistic-diffusive approximation of the Boltzmann transport equation with input from ab initio calculations. The effects of d-band excitations on electron-interface energy transfer are analyzed during electron-phonon nonequilibrium after short pulsed laser heating in thin films.
I. INTRODUCTION
Routine production of nanomaterials has made devices with characteristic lengths on the order of nanometers readily available, as evident from the advent of the 45 nm transistor. As the sizes of these devices move toward atomistic limits, the applied power levels continue to increase to meet the research and development requirements. With this increase in power density in these devices, thermal management becomes the limiting engineering factor in future device design and implementation. 1 At these nanoscale dimensions, the primary thermal resistance is due to interface scattering and is a key thermal management concern.
Interface scattering and thermal conductance across interfaces of nanomaterials have been the topics of several works over the past decades. 1, 2 Various forms of electron and phonon scattering processes have been studied to understand steady state heat dissipation. However, high power densities are possible in nanoscale devices, and this can give rise to a new form of interfacial resistance based on nonequilibrium electron-phonon scattering. As dimensions decrease and power levels increase, the electric field strength imposed on electrons in these devices drastically increases. The electric field, being directly related to the force imparted on the electron system, generates very energetic electrons that are far from equilibrium with the crystalline lattice. The energy density of the nonequilibrium electron system can be characterized by an electron temperature, which can be several thousands of Kelvin above the lattice temperature, depending on the source of the excitation. This nonequilibrium electronphonon state adds an increased complexity to interfacial scattering, and an additional thermal resistance as power levels increase and characteristic sizes decrease.
Electron-phonon nonequilibrium distributions have been studied since some of the earliest theories by Kaganov et al. 3 and Anisimov et al. 4 The importance of understanding the thermal processes associated with electron-phonon rethermalization has proven critical in applications such as ablation and laser machining of materials, 5, 6 spin dynamics in magnetic devices, [5] [6] [7] [8] [9] [10] [11] and thermal processes in metal film interconnects. [12] [13] [14] Recent studies on electron-phonon energy transfer in nanostructures have found that there exists a change in the rate of electron-phonon energy transfer in the presence of an interface. [15] [16] [17] [18] [19] Hopkins et al. 16 attributed this change in electron-phonon equilibration to increased electron scattering at the interface between the nanomaterial and the substrate/host due to ballistic transport of the electrons after absorption of an ultrashort laser pulse. Ballistic electroninterface scattering was later investigated by Norris and Hopkins 20 with a ballistic-diffusive treatment to the Boltzmann transport equation ͑BTE͒, which predicted similar values and trends to the observed rates of electron-interface scattering.
The previous studies focused on low energy perturbation regimes, where electron systems in the nanometals can be treated by the free electron model. 21 However, the electronic properties of the metal nanomaterials can deviate drastically from the free electron model. For example, the d-band edge in Au lies ϳ2.4 eV below the Fermi level. 22 This causes deviation from the free electron model prediction of the thermophysical properties of Au at electron temperatures as low as ϳ3500 K. 23 This d-band excitation effect and deviation from free electron predictions is observed in several other metals, at typically lower temperatures than Au, due to the relative location of the d-bands in relation to the materials' Fermi energy. 24 This magnitude of electron temperature change corresponds to an absorbed laser fluence of ϳ10 J m −2 , which is a reasonable fluence in applications related to laser processing and machining of nanomaterials. This electron temperature increase is also realized in 100 nm thick transistors upon gate voltages on the order of Ϫ1.0 V. 25 In this paper, the effects of d-band to Fermi level electron excitations on ballistic electron transport and electroninterface scattering in thin Au films are studied using the ballistic-diffusive approximation ͑BDA͒ to the BTE. 26, 27 In Sec. II, calculations of pertinent thermophysical properties of Au are presented using both an ab initio density of states ͑DOS͒, which includes the 5d 10 bands of Au, and an approximate parabolic DOS assuming only the conduction band. In Sec. III, the ballistic and diffusive equations of the electron BTE for thin films are discussed and electron-interface scattering is studied in the free electron limit; that is, assuming only conduction band electrons are participating in transport. In Sec. IV, the d-band electrons' effects on electron processes are studied using the BTE calculations from Sec. III with the ab initio DOS presented in Sec. II, which include d-band effects. The error when not considering d-band excitations in ballistic and diffusive transport predictions is discussed.
II. DOS CALCULATIONS AND THERMOPHYSICAL PROPERTIES OF AU
In the free electron limit, thermophysical properties of metal are typically calculated with a Sommerfeld expansion around the Fermi energy. 28 Approximating the spectral DOS per unit volume of the free electrons in the conduction band as
where N con is the conduction band number density, is the electron energy, and F is the Fermi energy assuming only the conduction band, gives rise to the following expression for the chemical potential as a function of temperature:
where k B is the Boltzmann constant and T e is the electron temperature. The electron heat capacity 28 and electronphonon coupling factor 29 are given by
where ប is the reduced Planck's constant, is the dimensionless electron-phonon mass enhancement parameter, 30 ͗ 2 ͘ is the second moment of the phonon spectrum, 31 D͑ F ͒ is the DOS at the Fermi energy, and f 0 = f 0 ͑ , , T e ͒ is the FermiDirac distribution function. Assuming that only the conduction band electrons contribute to heat storage and phonon energy loss, Eqs. ͑3͒ and ͑4͒ reduce to C e = ␥T e and G = G 0 = បk B ͗ 2 ͘D C ͑ F ͒, respectively, where G 0 is the original expression derived by Allen. 32 Note that in noble metals, Eq. ͑4͒ reduces to G 0 even at high temperatures due to the large separation of the d-bands from the Fermi energy in these systems. 33 In Au, the Sommerfeld coefficient ␥ is 62. 9 Assuming that only the conduction band affects , C e , and G 0 is valid only at low temperatures when d-band electrons are not thermally excited. The temperature range of validity of the free electron ͑conduction band only͒ approximation is different for every metal as it depends on the location of the d-band with respect to the Fermi energy. 24 In noble metals, this temperature range is larger than in other metals due to the large separation of the d-bands from the Fermi energy. To determine the effects of d-band excitations on , C e , and G 0 , the DOS of the d-bands must be known.
The DOS of gold was calculated using a plane wave pseudopotential density functional approach 34 as implemented in the code QUANTUM ESPRESSO. 35 The PerdewZunger form for the local density approximation ͑LDA͒ was assumed for exchange and correlation effects in the metal. 36 Gold atoms were described using an ultrasoft pseudopotential. 37 A plane wave cutoff of 70 Ry was used in all calculations, and a Monkhorst-Pack k-point mesh 38 of 48ϫ 48ϫ 48 was used for integrations in the first Brillouin zone. The calculated equilibrium lattice constant and the bulk modulus were determined to be 4.047 Å and 181.34 GPa, respectively. The experimental lattice constant and bulk modulus for fcc Au are 4.0786 Å and 172.8 GPa, respectively. 39 The predicted values agree well with previous first principles studies of Au. 40 The tetrahedron approach was used to determine the DOS based on a fine k-grid in the Brillouin zone. 41 The total DOS as a function of energy from the Fermi energy of the conduction bands and the d-bands in Au is shown by the solid lines in Fig. 1͑a͒ . The general features of the total DOS are very similar to that found in Ref. 24 . However, there are subtle differences in the DOS due to how exchange and correlation are represented that will affect the calculated heat capacity and electron phonon coupling. In the current calculations, the LDA is used, which typically overbinds atoms in comparison to real systems. In Ref. 24 , the generalized gradient approximation ͑GGA͒ was used, which typically underbinds and predicts lattice constants that are too large. They found a gold lattice constant of 4.175 Å, which is greater than the experimental value ͑4.08 Å͒. This difference in predicted lattice constants will also affect the calculated DOS. As atoms are brought together to form a solid, electronic bands form and continue to broaden. This results in the DOS based on LDA calculations ͑overbinding͒ having a slightly broader band and smaller DOS peaks than The C e and G 0 data in Figs. 1͑c͒ and 1͑d͒ are calculated with Eqs. ͑3͒ and ͑4͒, respectively, using the ab initio DOS. These calculations are similar to those presented by Lin et al. 24 In Au, significant deviations from the free electron approximation in , C e , and G 0 are apparent at ϳ3500 K. This represents the onset of thermal d-band excitations. The effects of these d-band excitations on ballistic and diffusive electron transport during electron-phonon nonequilibrium are discussed in the remainder of this work.
III. BALLISTIC AND DIFFUSIVE ELECTRON TRANSPORTS IN THIN FILMS: FREE ELECTRON APPROXIMATION

A. Equation of electron energy transfer
The BTE for electron transport in one dimension is given by 42, 43 
where f is the nonequilibrium electron probability distribution, v z is the electron velocity in the z-direction, F z is the Lorentz force in the z-direction, and the term ͑‫ץ‬f / ‫ץ‬t͒ c is the time rate of change in the nonequilibrium distribution due to electron collisions. In this analysis, the z-direction is taken as perpendicular to an interface that provides resistance to heat flow-the cross plane direction. In the thin film limit-that is, when the film thickness is less than the thermal penetration depth-Eq. ͑5͒ reduces to
since the thin film is much smaller than the thermal wave emitted into the film, and therefore the spatial gradients in the film are negligible. The thermal penetration depth during electron-phonon nonequilibrium can be estimated by ␦ th 
where t is the time and U is the volumetric electron energy density per unit energy defined as
In this development, the factor of ͑1− f͒ is included since the goal is to study energy transfer, which can only occur FIG. 1. ͑Color online͒ ͑a͒ Electron DOS, D; ͑b͒ chemical potential, ; ͑c͒ electron heat capacity, C e ; and ͑d͒ electron-phonon coupling factor, G, of Au using an approximate DOS that only takes into account a parabolic conduction band in Au described by Eq. ͑1͒ ͑dashed lines͒ and an ab initio DOS that includes the 5d 10 bands ͑solid lines͒. when there are empty states in the vicinity of occupied states. For example, the quantity ͐ D͑͒fd gives the total energy of the electron system. However, in electron energy transfer, only electron energies with empty states at or around that energy will participate in energy transfer processes. Therefore, the probability that a state is occupied and that there is an unoccupied state at that energy is given by f͑1− f͒, so that the electron energy density participating in energy transfer processes is estimated by Eq. ͑8͒. Equation ͑7͒ is subject to
where A is the absorbed energy per unit area by the electron system and d is the film thickness. Applying a relaxation time approximation to the EEET yields
where U ,0 ͑T e ͒ = D͑͒f 0 ͑1− f 0 ͒ is the equilibrium electron energy density available for transport. In Eq. ͑6͒, is the relaxation time of the electrons in the metal films, which for purely diffusive transport is the electron-phonon thermalization time, ep .
B. BDA to the EEET: No substrate energy loss
Applying the BDA to electron transport requires a slightly different formulation than the BDA for phonon transport, specifically the single relaxation time approximation. Upon energy absorption, the electron system temperature evolution and energy transfer can be divided into two characteristic time intervals. The first time interval is the electron-electron relaxation time, ee , which represents the time it takes for the electron system to relax into an equilibrium Fermi-Dirac distribution. Ballistic transport of electrons occurs during this time. Once equilibrium is achieved in the electron system, the high temperature electrons transmit energy to the lattice through electron-phonon scattering processes over ep . In metals, typical electron-electron relaxation times are from tens to hundreds of femtoseconds and typical electron-phonon thermalization times are a few picoseconds. 12, 48 Due to the different characteristic times governing ballistic and diffusive ͑electron-phonon͒ transports, ballistic electron transport must be modeled with ee and diffusive electron transport must be modeled with ep .
Following the ballistic-diffusive approximation to the BTE, 26 ,27 the ballistic and diffusive electron energy densities can be separated and the EEET can be rewritten as
where the subscript b refers to the ballistic component and the subscript m refers to the diffusive component ͑generated in the medium͒. Equation ͑11͒ assumes that the ballistic component relaxes to the diffusive component, which in turn relaxes to the equilibrium distribution. In the electron scattering and energy thermalization processes discussed above, during electron-electron scattering processes and Fermi relaxation, the nonequilibrium electron distribution of the ballistic electrons relaxes to a Fermi distribution, so U ,m ͑0͒ = U ,0 ͑T e ͒. During electron-phonon scattering processes, U ,0 ͑T e ͒ then relaxes to U ,0 ͑T p ͒, where T p is temperature of the thermalized phonon system. The development of the BDA to the EEET assumes that electron-interface scattering is completely elastic; that is, during electron-electron scattering and Fermi relaxation, electron-interface scattering does not transfer energy away from the film electron system. Relating the ballistic and diffusive terms, and recognizing that the incident laser energy is absorbed by the ballistic electron system, the BDA of the EEET for an electron system in which ␦ th Յ d and no electron energy loss to the substrate during Fermi relaxation is given by
subject to
and
The solutions of Eqs. ͑12͒-͑15͒ yield U ,b ͑t͒ and U ,m ͑t͒, given by
which are related to the average power transferred from the ballistic and diffusive electron systems via
represents the volumetric power transferred from the ballistic electron system. Since no substrate energy loss is assumed in this calculation, this represents the power density transferred from the ballistic electron system to the diffusive electron system. Equation ͑19͒ represents the volumetric power transferred from the diffusive electron system to the equilibrium system described by the Fermi distribution. Note that this BDA gives the EEET in a per energy basis, but the source of the ballistic component ͓Eq. ͑14͔͒ gives the total energy absorbed by all the electrons. This formulation could be extended to account for only specific electron energies, say, from photons inducing selected interband transitions. Since the internal energy of the electron system drastically changes when d-band electrons are thermally excited, to relate the amount of energy absorbed by the ballistic electron system to the energy absorbed by the electrons at a given energy, the number of electrons per unit energy must be known-i.e., the electron DOS. The energy absorbed by the ballistic electron system per electron energy is given by
where f 0 is evaluated at T e so that Eq. ͑20͒ calculates the nonequilibrium energy density participating in conduction that is slightly perturbed from the energy associated with an electron system at temperature T e . Note that the development of energy absorption by the electron system only considers thermal energies participating in conduction due to Fermi smearing and does not consider interband transitions causing a nonthermal repopulation of the electron energy bands. 49 Also, for the same absorbed power, as temperature increases, the power is distributed to more electrons. To solve for the ballistic and diffusive power densities transferred over the characteristic electron scattering times ͑electron-electron and electron-phonon͒ as a function of temperature, the electron DOS must be known. In these calculations, only the conduction band will be considered for electron energy transfer calculations ͓Eq. ͑1͔͒. This free electron approximation is only valid for low electron temperatures, 23, 24 as seen in Fig. 1 , but will be considered here for temperatures up to 20 000 K, well above the limits of validity of the free electron approximation for Au. The d-bands will be considered later and the errors associated with the free electron approximation at these temperatures will be apparent.
The electron-phonon relaxation time, ep , can be estimated by
where C p is the heat capacity of the phonon system, which for Au is 2.47ϫ 10 6 J m −3 K −1 at 300 K, and G is a constant at all electron temperatures when only considering conduction band energy transfer. 33 Equation ͑21͒ is a relative electron-phonon thermalization time; that is, it represents the time for a Fermi-relaxed electron system at temperature T e to thermalize with a phonon system at temperature T p . In this work, a constant phonon temperature of 300 K is assumed, which is valid during electron-phonon nonequilibrium applications since energy is not deposited into the phonon system until after a substantial number of electron-phonon scattering events ͑until near the electron-phonon thermalization time͒. Figure 2͑a͒ shows the ballistic volumetric power transfer as a function of electron temperature for four different electron-electron thermalization times, ee = 50, 200, 350, and 500 fs, assuming an absorbed energy density of 1 J m −3 . This effectively makes the source term, Eq. ͑9͒, negligible ͑small perturbation͒ and allows us to study only electron scattering and cooling processes, which is of interest in this work, without having to consider any heating or absorption processes. These calculations assume elastic-interface scattering ͑no energy loss to the substrate͒. These relaxation times were chosen since ee in Au has been theoretically calculated to be as small as 50 fs ͑Ref. 48͒ and experimentally measured to be as large as 500 fs. 50 Figure 2͑b͒ shows the ratio of ballistic to diffusive volumetric power transfer as a function of electron temperature. The ballistic component is one to two orders of magnitude larger than the diffusive component. Note that for all electron-electron thermalization times, the diffusive components are identical since the electron-phonon thermalization time is governed by Eq. ͑21͒. Although the trends are the same, the values reported here are different than those reported by previously for the BDA to the EEET ͑Ref. 51͒ in the thin film limit since in the present work a thermalized electron system is assumed as the starting point of diffusive transport.
C. BDA to the EEET: Substrate energy loss
In the case of elastic electron-interface scattering, the ballistic and diffusive components to electron transport are separated by considering two different EEETs: one for the electron-electron relaxation and one for the electron-phonon relaxation. However, in the case of inelastic electroninterface scattering, the ballistic carriers that inelastically scatter at the film/substrate interface experience no internal scattering in the film. In this case, the BDA of the EEET takes a different form than in the previous section.
To consider inelastic electron-interface scattering and electron system energy loss during Fermi relaxation, the form of the BDA to the EEET takes a form similar to Hopkins and Norris 51 given by
͑22͒
where the subscript bi refers to the ballistic component inelastically scattering at the interface and ei is the electroninterface relaxation time. Relating the ballistic and diffusive terms yields the BDA to the EEET assuming electron energy loss to the substrate during Fermi relaxation, given by
subject to 
The solutions to Eqs. ͑23͒-͑26͒ are given by
͑28͒
The average power transferred from the ballistic and diffusive electron systems assuming inelastic electron-interface scattering during Fermi relaxation of the electron system are given by Eqs. ͑18͒ and ͑19͒ with Eqs. ͑27͒ and ͑28͒, and are denoted P bi,av and P mi,av , respectively. Here, the ballistic power transfer represents the volumetric power transferred from the ballistic electron system to the equilibrium substrate system. Note that the initial condition of the diffusive equation assumes that the energy of the electron system that experiences inelastic-interface scattering and substrate coupling is lost from the film system. Figure 2͑c͒ shows the ballistic volumetric power transfer as a function of electron temperature for four different electron-interface thermalization times, ei = 50, 200, 350, and 500 fs, assuming an absorbed energy density of 1 J m −3 . These calculations assume inelasticinterface scattering, that is, upon interface scattering, electrons lose energy from the film system to the substrate. In this case, the energy lost from the film electron system over the electron-interface thermalization time ͓see Fig. 2͑c͔͒ is not available to couple with the film phonon system. Note the trends are the same as in Fig. 2͑a͒ , but the values are different for the same input power, since energy is lost to the substrate system. This causes the ballistic component to decrease; note that the ballistic component represents the energy lost to the substrate during electron-electron relaxation. However, the ratio of the ballistic component to diffusive component increases ͓see Fig. 2͑d͔͒ ͑ratio of power lost to substrate to power lost to phonon system͒ since the diffusive component does not decrease as much as the difference in power transfer predicted between Figs. 2͑a͒ and 2͑c͒.
As previously mentioned the power calculations thus far have assumed no d-band influence. The error associated with this assumption will be apparent at high temperatures as discussed later. However, these calculations are validated at low temperatures ͑T e Ͻ 3500 K͒ by comparing the results to the data from Hopkins et al. 16 Hopkins et al. 16 measured the electron-phonon coupling factor of Au films in the thin film ͑homogeneous heating assuming no temperature gradient͒ limit after electron-electron thermalization with a transient thermoreflectance technique. By analyzing the data with a two-temperature model 4 that assumes a completely insulated film/substrate boundary ͑i.e., elastic electron-interface scattering͒, they measured G in the Au films to be greater than G 0 at low temperatures, where theory ͓Fig. 1͑d͔͒ predicts a constant G. Therefore, their measured G, G meas , represents the power transfer from the electron to phonon system assuming no substrate energy loss since their data were analyzed assuming an insulated boundary condition. Dividing G meas by G 0 gives an estimate of the ratio of electron-phonon ͑diffusive͒ power transfer assuming elastic electron-interface scattering to electron-phonon power transfer assuming inelastic scattering ͑note that using a model that takes into account inelastic electron-interface scattering, such as the three-temperature model, 52 should result in a measured G equal to G 0 at low temperatures͒. Therefore, comparing G meas / G 0 from Hopkins et al. 16 to P m,av / P mi,av gives a benchmark for these calculations and the formulation of the BDA for the EEET in the thin film limit. These results are shown in Fig. 3 and show good agreement with no fitting parameters required. The difference in trends between the data and the model at higher temperatures could be due to various interfacial scattering mechanisms that are discussed by Hopkins et al. 16 but not explicitly taken into account in this development.
IV. BALLISTIC AND DIFFUSIVE ELECTRON TRANSPORTS IN THIN FILMS: D-BAND ELECTRONS
The BDA to the EEET in the free electron limit for two cases is given as follows: ͑1͒ Elastic electron-interface scattering-i.e., no energy loss into the underlying substrate as a result of electron-interface scattering; and ͑2͒ inelastic electron-interface scattering-i.e., energy loss into the underlying substrate as a result of electron-interface scattering. Assuming the free electron limit, only the parabolic conduction band was considered in the analysis and calculations were performed for electron temperatures up to 20 000 K. However, in Au, at temperatures greater than ϳ3500 K, thermal d-band excitations can drastically affect the thermal properties, and, therefore, the power transfer will be affected.
To determine the effects of d-band excitations on the power transfer calculations, the DOS of the d-band must be taken into account. Using the ab initio DOS along with the thermophysical properties in Fig. 1 , the calculations in Fig. 2 are repeated in Fig. 4 . These are the same calculations as Fig.  2 only taking into account the 5d 10 bands in Au by using the ab initio DOS to account for the influence of d-band excitation on ballistic and diffusive power transfers in thin Au films. In addition, Eqs. ͑3͒ and ͑4͒ are used with Eq. ͑21͒ to evaluate ep and correctly account for the temperature trends due to d-band excitations. Figure 4 shows the calculations in Fig. 1 . The d-band excitations cause the ballistic power transfer to increase and exhibit a nonlinear trend. The ratio of the ballistic to diffusive components shows an inflection point around 5000 K, indicating that as temperature increases past the initial onset of d-band excitations, the diffusive component increases when considering the d-bands more so than when considering only the conduction band. This is intuitive when examining the trends in G with and without d-band inclusion, as shown in Fig. 1͑d͒ . The inclusion of d-bands causes a drastic increase in the ballistic power transfer as compared to the case of no d-band excitations, which in turn affects the diffusive power transfer and ratio of ballistic to diffusive power transfer. Assuming inelastic electron-interface scattering, the electrons lose significantly more energy to the substrate when considering the underlying d-band excitations. Also, the ratio of ballistic to diffusive power transfer increases from the elastic-interface scattering cases, but exhibit the same trends. This is a similar result to the calculations in Fig. 2 .
V. CONCLUSIONS
In high powered nanosystems, electron-interface scattering can create significant thermal resistances during electronphonon nonequilibrium heating. As characteristic sizes decrease, ballistic electron transport could cause electron system energy loss from electron-interface scattering that can alter the thermal resistive processes in a material. In this work, the ballistic-diffusive approximation to the BTE is applied to the EEET to study the effects of electron-interface scattering on electron power transfer processes in thin films. At high electron temperatures, d-band excitations can change the thermal properties around the Fermi energy, drastically altering the predicted power transfer during ballistic and diffusive electron transport processes. In high temperature electron-phonon nonequilibrium transport studies, the d-band must be considered for accurate predictions of electron energy transport. ACKNOWLEDGMENTS P.E.H. is greatly appreciative for funding from the LDRD program office through the Sandia National Laboratories Harry S. Truman Fellowship. Sandia is a multiprogram laboratory operated by Sandia Corporation, a LockheedMartin Co., for the U.S. Department of Energy's National Nuclear Security Administration under Contract No. DE-AC04-94AL85000. First principles calculations for Au were performed on the Intel Cluster at the Cornell Nanoscale Facility, which is part of the National Nanotechnology Infrastructure Network funded by the National Science Foundation.
